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ABSTRACT
Collisions of the second kind between caesium and caesium, 
caesium and helium, and caesium and xenon atoms, leading to
P p
the transfer of excitation between the 6 6 P^yg states
in caesium, have been investigated by studying the sensitized 
fluorescence in caesium vapor at pressures in the range 
2x10*^ • 7x10*5 mm Hg and in vapor-inert gas mixtures. These 
low caesium densities, at which trapping of resonance radiation 
is virtually absent, were previously Inaccesible to such 
measurements. The use of a high intensity light source and 
an improved fluorescence cell in conjunction with a very 
sensitive detection system, permitted accurate measurements 
of extremely low fluorescent intensities. The total collision 
cross sections for the processes ô^P^yg — > and
6%]^yg<r—  G^P^yg equal 0.64x10*^^ cm® and 3.1x10*15 ^^2 for 
caesium-caesium collisions, 0.41x10*®® cm® and 2.7x10*®® cm® 
for caesium-helium collisions, and 7.6x10*®! cm^ and 2.9x10*1^ cm® 
for caesium-xenon collisions respectively. The ratios of 
these cross sections agree well with the values predicted by 
the principle of detailed balancing except for the caesium- 
xenon collisions, where a shielding effect has been postulated 
to account for the discrepancy.
ill
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I INTRODUCTION
When a cell containing caesium vapor is irradiated 
with one component of the caesium resonance doublet, 
inelastic collisions between the excited and unexcited 
caesium atoms cause both components to be present in the 
fluorescent light. This phenomenon, known as sensitized 
fluorescence, arises from the process of excitation 
transfer which takes place according to the following 
equations
Os(6®8i/2) + Ostdfpiyg) 4. AE ^  00(6^83^/2) + Gsta^P^yg).
AS* the energy defect between the and ®P^yg levels,
is either supplied by or converted into kinetic energy 
of relative motion. In the case of caesium AE = 554 cm*"!, 
which is equal to O.O69 eV, The energy level diagram of 
the caesium resonance states is shown in Pig. 1. D^  ^and Dg
are general symbols for the first lines of the principal
C
series and in the case of caesium are 8943A and 852IA 
respectively. In Pig, 1, (A) represents resonance fluorescence, 
(B) and (C) represent sensitized fluorescence,
R, W. Wood first observed the phenomenon of resonance 
fluorescence in sodium vapor. He noticed that a cone of 
resonance radiation incident on sodium vapor was sharply 
defined by a cone of fluorescent light. This effect was 
caused oy the absorption and reenission of tae light by the 
sodium atoms.
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3Sensitized fluorescence was observed by Carlo and 
Franck (1922, 1923) In their e périments in .vhioh mercury 
atoms were used to sensitize fluorescence in thallium 
atoms. Mercury atoms were also used by Beutler and 
Josephy (1929) to sensitize fluorescence in sodium atoms.
Inelastic collisions, involving energy transfer 
between atoms, are known as collisions of the second kind, 
a term defined by Klein and Rosseland (1921). It was 
applied to collisions between excited atoms and slow 
electrons which produced deexcited atoms and fast electrons. 
Franck extended the definition to collisions between excited 
and unexcited atoms, during which an exchange of excitation 
and kinetic energy takes place. Collisions of the first 
kind are exciting or ionizing collisions between fast 
electrons and slow atoms.
Alkali vapors readily lend themselves to the study 
of collisions of the second kind. The resonance doublet 
levels in these atoms are so far removed from their other 
energy levels, that only transitions Between the ground 
and resonance states are involved during collisions.
Sensitized fluorescence may also be induced by 
collisions of the second kind between caesium atoms and 
inert gas atoms (I) according to the equation*
C8(6®Fi/2) + 1(^8^) + A E  Cs(6®F3/2) ♦ K^S^),
in which the inert gas atom is not excited.
The transfer of excitation energy in an atomic collision 
is most probable and the cross section is the largest at
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
exact resonance where AB = 0, (Franck, 1929). Kallman 
and London (1929) applied the laws of quantum mechanics 
to collisions of the second kind and showed that tne 
partial cross sections q(E) for an exchange of excitation 
energy would increase proportionally with (AE)"®/^,
However, their theory did not allow either for electron 
spin or for the velocity dependence of the cross sections. 
Morse (1932-34) predicted that the cross sections would 
depend upon three parameters* the initial relative kinetic 
energy (E) of the colliding partners, the energy defect 
(AE) and the size and shape of the interaction potential.
His theory indicated that as E increased, the cross section 
could be expected to either increase monotonically or 
reach a maximum value and then decrease. In general, for 
a given pair of atomic states and fixed kinetic energy, the 
cross section was shown to be a maximum at exact resonance 
( AE = 0) and to decrease as AE increased. Massey and 
Burhop (1952) considered potentials which included the 
internal energy of excitation and further predicted that 
the cross sections would be small compared to the gas-kinetic 
cross sections if;
HJa e I »  1.
hv
where v is tae relative velocity of the colliding partners,
AE is the change in internal energy and R is the range of 
interaction between atoms, which is of the order of the 
gas-kinetic radius.
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Friedrich and Seiwert (1957) demonstrated these 
principles in their investigation of the sensitized 
fluorescence of a cadmium-caesium vapor mixture. They 
showed that q(E) was a function of AE in the manner of 
Franck's rule and was also a function of the statistical 
weights and transition moments of the involved states.
In order to observe true collision cross sections for 
these excitation exchange processes one must face the 
problem of radiation imprisonment. Resonance radiation is 
strongly absorbed by ground state atoms in a fluorescence 
vessel and, under suitable conditions of gas density and 
cell geometry, the eventual escape of fluorescent light 
from a vapor-filled cell may involve a large number of 
absorptions and emissions. If radiation is imprisoned in 
the vapor in this manner, atoms remain in their excited 
states for effective times longer than their average life 
times. The probability that these atoms will be involved 
in an inelastic collision is therefore increased and the 
resulting cross section is greater than the true value.
The problem was attacked theoretically by Oompton (1922) 
and Milne (1926) as a diffusion problem. A different 
treatment was given by Holstein (1947) who showed that a
mean free path could not he defined for resonance quanta 
and, consequently, the problem could not oe formulated in 
terms of a diffusion equation. He showed that the transport 
of excitation is determined essentially by the probability 
that a quantum traverses a layer of vapor without being 
absorbed and is strongly dependent upon the total vapor
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
density and the geometry of the fluorescence cell, flarrat 
(1959) carried out an extensive theoretical and experimental 
investigation of the imprisonment of mercury resonance 
radiation, in which he defined an effective life time under 
conditions of radiation imprisonment.
The theories of Holstein and Barrat are difficult to 
apply to problems involving sensitized fluorescence at 
high vapor pressures, because critical assumptions must 
be made regarding cell geometry and spectral distribution. 
Seiwert was only partially successful in adapting Holstein's 
theory to his experiments on sensitized fluorescence in 
sodium (1956), potassium (Hoffmann and Seiwert, 196I) and 
caesium (Bunke and Seiwert, 1962).
It is the aim of this investigation to study sensitized 
fluorescence in caesium vapor at exceedingly low pressures 
therefore eliminating the necessity of correcting for 
radiation imprisonment effects by theoretical means. This 
was accomplished by using a recently developed high intensity 
light source, a fluorescence cell of much improved design 
and a detection system capable of registering photocurrents 
of less than 10*!^ amperes. Thus it was possible to obtain 
the real values of the total collision cross sections for 
the ^ ^ 3/2 ProcGBBGs under single collision
conditions, and also to determine experimentally the 
caesium vapor density at which radiation trapping effects 
become noticeable.
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II THEORETICAL
The statistical rate of energy transfer In atomic 
collisions may be expressed as a function of the relative 
kinetic energy of the colliding partners. This transfer 
rate Is the total cross section for an Interaction by 
which excitation energy Is transferred at a temperature 
T. When the relative velocities of the colliding partners 
have a Maxwell - Boltzmann distribution, the total collision 
cross section Is defined as:
CO
Q(T) = q(E)f^(4)dE. (1)
o
In equation (1), Ell# the relative kinetic energy of the 
colliding partners; qfE) Is the cross section for a collision 
between two atoms whdse relative kinetic energy lies between 
E and E + dE and f^tE), defined as:
fj,(E)4E = «iPp (B/M)] 4E. (2)
Is the probability that, at a temperature T, the relative 
kinetic energy of the colliding partners will lie between 
£ and E + dS.
The collision number Z(T), the average number of 
collisions per atom per second, which result In the transfer 
of excitation energy, Is defined as:
7
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n
Z(T) = m / ÿ k  q(E)f,(E)YËdE, (3)
0
where M le the reduced maee of the colliding partners and 
N Is the number of ground state atoms per em^, which Is 
approximately equal to the overall density.
Assuming a fixed temperature T, a Maxwell - Boltzmann 
distribution of velocities and using the equation:
E =s ^/^v®, equations (1) and (3) may be combined to yield 
the following relation:
Q(T) = 2(T)/NV , (4)
which Is valid to a good approximation, v, the average 
relative velocity of the colliding partners, Is given by;
V =Yi
ftM . (5)
When oaeslim vapor at low pressure Is Irradiated with 
one wavelength component of the resonance doublet causing 
sensitized fluorescence and It Is assumed that the fluorescent 
light emerges from the vapor without further reabsorption, 
the system may be considered to exist in a dynamic equilibrium 
In which only the processes of optical excitation, decay 
and collision are continuously taking place. Such a state 
may be represented by tbe following equationa (Seiwert 1956);
0  as 83^ ♦  •  ^ 1 * ^  - ( i / r  1  )/^1 (6)
0 = . Zg/^ -d/^2)^2 (7)
where Is the density of the atoms excited to the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
State by means of the 8943 A radiation, /Vg Is the density
Q
of the atoms excited through collisions to the 6 P^/g 
state, and Zg are collision numbers corresponding to
3
the transitions — > 6®P^/g and —  ^^^3/2
respectively, the number of atoms per second and cm'
excited by the Incident radiation (8943 A) from the ground 
state to the ^^x/2 f®sonanee level, and and are the 
average lifetimes of the ^^^3/2 *tates respectively.
= 3.8 X 10*® sec* and fg » 3.3 x 10*® sec. (Minkowski and 
Muhlenbruoh 1930)•
A similar set of equations can be written to represent 
the equilibrium obtained when the vapor Is Irradiated with 
the other component of the resonance doublet (8521 A).
The four equations yield expressions for the collision 
numbers Z]^  and Zg%
. (8)
Zo = 1 ♦
r s W W i - ' ^ s  • (9)
^2 %  are the experimentally determined intensity ratios;
1(8943) , (10)
Where In each case the Intensities refer to the two resonance 
lines present in the fluorescent light and the wavelength 
components given In the denominators are the same as those 
used In the exciting beam.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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It is assumed that no radiation Imprisonment takes 
place In the vapor; otherwise, the effective lifetimes of 
the exalted states would no longer be equal to the natural 
mean lifetimes. Hence it Is expected from equation (4)
P P
that the total collision cross sections 0^(6 — >6 ^3/g)
and Qg(6®p3^ /2“^  ^ ^^3/2) should be constant for a fixed 
temperature Ï, and should be In the ratio predicted by the 
principle of detailed balancing;
Q1/Q2 * gg/gi [exp(-AE/kT)j, (11)
O
where and gg, the statistical weights of the 6 P^/g and 
ô^Pj/g states, equal two and four respectively and AE Is 
the energy defect.
The collision cross sections, which are proportional 
to the probabilities of the excitation transfers 
6®Pi/g— >6®P3/g and B&v* an Indication of
the types of forces taking part In the excitation exchange 
process. Magnitudes of cross sections much smaller than 
the kinetic cross sections would Indicate, for example, 
that not every kinetic collision does In fact, produce an 
excitation transfer.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Ill EXPERIMENTAL
A Description of the Apparatus.
The arrangement of the apparatus Is shown In Pig. 2.
The oaeslum resonance doublet, emitted by a radlo-frequency 
eleotrodeless discharge, was resolved by a grating 
monochromator In series with a set of interference filters 
placed at Its exit slit. The monochromatic beam was brought 
to a focus In a fluorescence cell containing caesium vapor. 
Fluorescent light from the vapor, emitted normally to the 
Incident beam, was analyzed by two pairs of narrow-band-pass 
filters and focused on the photocathode of a photomultiplier 
tube. The photocurrent was registered with a high-speed 
plcoammeter and a strip chart recorder. A vacuum and gas 
filling system was provided to evacuate the fluorescence 
cell and to admit to it controlled quantities of Inert gas.
Heavy tables constructed of 2 Inch angle Iron supported 
the monochromator, cryostat and cell. Optical benches 
bolted to these tables carried lens and filter carriages 
which were vertically auad laterally adjustable.
1 The Light Source.
Th# ideal source of light for the excitation of 
resonance fluorescence should emit non-self-reversed 
resonance lines of high constant intensity and small half 
width. A modified version of a radlo-frequeney source 
designed by Gerard (1962) met these requirements. The
11
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Fig* 2* App#r#w wed in the studies of sensitized fluoresnease: 1* BF lamp; 
B, aonoidiroaator; F%y Fg, F3, Interferes;# fUtws; Ls* Lj# 
condensing lenses; 0, oven Wth fluorescence cell; D, #iotomutl]^uler;
1, electrraaeter amplifier; R, strip chart recorder*
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source, (Atkinson, 1964), consisted of a lamp, heater and 
HP oscillator.
The lamp, a pyrex tube 9 cm long and 1.8 cm In diameter, 
contained about 0.5 gm of distilled caesium metal supplied 
by the A. D. McKay Company of New York, and 2 mm Hg of 
spectrograde argon, and was placed In the tank coll of the 
HP oscillator with Its base In a heater.
A two ohm coll of #26 Chromel A wire Imbedded in an 
asbestos lamp support and connected to a Powerstat formed 
the heater.
The HP oscillator was of push-pull type operated in 
class 0 and was powered by a Lambda Regulated Power Supply 
model C-482M. Operated at 60 Mo/sec, the oscillator supplied 
85 watts of power.
In the proper mode of oscillation a skin discharge was 
produced in the lamp. The upper portion of the lamp was 
maintained at about 250 °C by dielectric losses in the glass 
so that the temperature of the base determined the caesium 
vapor density in the lamp. I found that maximum fluorescent 
Intensities could be obtained when the base temperature
O
was maintained at about 105 0, corresponding to caesium 
vapor pressure of about 6x10*^ mm Hg. The emitted resonance
lines were narrow, intense, exhibited virtually no self- 
reversal and had constant intensities (* 1^).
2 The Monoohromating System.
A Bausch and Lomb grating monochromator resolved the 
resonance lines in the Incident light. This instrument.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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w4lch has a focal length of 500 mm, a reciprocal dispersion 
of 16 A/mm and a f/4.4 aperature, contains a 1200 line/mm 
plane replica grating blazed at 7500 A. With slit widths 
of 1.5 mm a spectral purity of one part in 10^ was obtained, 
and when higher orders from the grating were stopped by 
interference filters, the spectral purity of a resonance 
line was about one part In 10^.
3 The Fluorescence Cell.
In an Ideal fluorescence cell (Mitchell and Zemanskl 1934) 
the exciting radiation should graze the exit window making 
possible the direct observation of the fluorescent vapor 
without having the light pass through a layer of unexcited 
atoms. To eliminate absorption and reemission of the exciting 
radiation and to achieve maximum fluorescence intensities, 
the exit window should be placed as close as possible to 
the entrance window. Furthermore, very low vapor pressures 
should be used In the cell to prevent imprisonment of the 
fluorescence radiation.
Two cells, which approximated the Ideal cell, were 
used in this experiment.
The disadvantage in the first design, (Ohapman, Krause, 
and Brockman 1964), arose from the large distance between 
the exit and entrance windows, which permitted absorption 
and reemisslon of the exciting radiation before it reached 
the region under observation.
The more recent design, shown in Fig. 3, was used for 
all final measurements. The exact right-angle formed by
Reproduced with permission ot the copyright owner. Further reproduction prohibited without permission.
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Fig» 3. ïh» fluereacense celli 1* eiïbrance wlnloirj B, exit window; 
Gg aide mm.
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the entrance and exit windows eliminated the absorption 
and reemisslon problem and resulted in fluorescence 
intensities 20 times greater than those obtained with the 
first design* This increase In intensity allowed the 
experiment to be carried out at very low caesium pressures 
and in the virtual absence of radiation trapping effects.
Pyrex plates of clear filter glass, 22 mm in diameter, 
were used for the two windows and were joined at an exact 
right angle to each other. The side arm, whose temperature 
controlled the caesium vapor pressure in the cell, was 
5 cm long, 10 mm in diameter and contained the caesium 
metal* A capillary, 0.2 mm In diameter connected the cell 
to the vacuum and filling system. Internal reflections 
were reduced to a negligible level by coating the cell with 
Aquadag, a colloidal dispersion of graphite, and by forming 
the end of the cell Into a Wood*s horn.
4 The Electric Pumaoe and Side Oven.
The electric furnace which housed the main body of 
the cell is shown in Pig. 4. There were two heating 
elements in the oven, one mounted on the floor and another 
on the cover plate, lach element consisted of 8 ohms of 
#26 Chromel A wire covered with ceramic insulating beads.
To contain the light from the glowing wires and to enhance 
temperature stability and uniformity, both assemblies were 
covered with copper sheeting. The bottom element was 
fitted with supports to hold the cell in its proper position 
and was bolted to the floor of a box made of l/2 inch
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Pig, it. The fluorewene# cell «ousted in the electric oven (side-view).
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transite plates. Current was supplied by a Powerstat 
autotransformer.
The side arm of the cell extended through the wall 
of the furnace Into the side oven which consisted of a
3/4 inch brass pipe, on which was wound a coil of l/4 inch
copper tubing. Insulated with glass wool and asbestos 
paper, this unit was connected to a Jena Ultrathermostat 
which pumped paraffin oil through the tubing.
The temperatures of the cell and aide arm were
determined by measuring the emf* s of two calibrated Ohromel- 
Âlumel thermocouples with a Leeds and Northrup millivolt 
potentiometer. Thermocouples were cemented near the exit 
window and under the side arm beneath the leading edge of 
the caesium sample. The temperature of the cell could be 
varied from about 35 0 to 150 %  with a stability of ±1 "o 
and the temperature of the side arm from about 25 C to 100 0 
with a stability of *0.25 The temperature of the side 
arm determined the vapor pressure of the caesium, which 
was deduced from Taylor and Langmuir*a (1937) empirical 
equations
logj^QP = 11.0531 - 1.35 losio® - 4041/T,
where P Is the vapor pressure In mm Hg and I is the temperature
of the side arm in degrees K. The vapor pressure, , in 
the region of fluorescence which was at a higher temperature.
T^  , was calculated from the relation P = P-^^/T. The 
vapor pressures calculated from these equations are probably
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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accurate within ±5^ in the range 305 %  to 370 K.
5 The Detection System*
The two caesium resonance lines in the fluorescent 
light were resolved by two pairs of Spectrolab interference 
filters, each pair having a peak transmission of 88^ with 
better than 0,05# rejection, k spectral purity of better
Q
than one part in 10® made transmission corrections un- 
necessary as long as the intensity ratios were greater than
10~7.
The photomultiplier was a l6»dynode ITT F¥-118G tube 
with an 3»l photosensitive surface 3 mm In diameter. The 
1.5 27 operating voltage was supplied by a model 405 Fluke 
regulated power supply. A resistive divider chain distributed 
about 80 volts per dynode to the tube. The photomultiplier 
tube was housed In a cryostat (Rae 1963) and cooled with 
liquid air. After three days at liquid air temperature 
a typical dark current amounted to 2x10* amperes.
The output of the tube was registered with a model 
417 Keithley High Speed Fiooammeter and a Daystrom-Weston 
10 mv strip chart recorder. With this system fluorescent 
intensities of 1x10*^^ amperes could be measured and 
intensities of 5%10*^* amperes could be estimated.
6 The Vacuum and tiliiats Sxetem,
The glass vacuum and filling system is shown In Fig. 5. 
The high vacuum was produced by an 1335 Edwards Speedivac 
pump and a series 102 Speedivac Oil Vapor Diffusion pump 
filled with Dow Corning 704 pumping fluid. The diffusion
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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Fig. 5* iefetraatic dlmgrm of the vmemm and gas»filling ayat^ ai 
k, roughing peapi B* baoking valve; 0# air admittamee valve; D, roughing 
valve; glass to metal fla%e; F, liquid-air trap vitb eopper foil 
getter; G* diffusion pimp; H, mmnaeater#; I, eapiUary; d, side arm;
K* flrmnl guage head; ionization guage head; M, glass needle valve;
B, inert gas; 0, recovery system; P, air admittance valve.
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pump was protected from cooling water failure by an fSM-1 
flowtrol and a liquid-air trap which contained a copper 
foil getter.
Pressure in the system was measured by a GIO-llOA 
CEO Ionization Vacuum guage with a GIC-016 ion guage head 
(in the range 10*^ to 10*® mm Hg) and a model 32943 LK3
lutovac Guage with a Pirani guage head (la the range 10^ to
10*3 mm Hg), Inert gas pressures were measured with the
Autovac and a mercury manometer. An oil manometer filled
with Dow Corning 702 pumping fluid was also provided but 
it was discovered that the outgassing rate was too high 
so that it was not used in the experiment. Further boiling 
under vacuum would have corrected the problem.
The lowest pressure that could be repeatedly obtained
a
in this system was about 2x10* mm Hg, but during an 
experimental run, 1x10*? mm Hg was considered adequate.
the light source was placed about 2 cm from the entrance 
slit of the monochromator. An image of the exit slit,
1 mm wide and 8 mm high, was formed in the fluorescence 
cell by an f/2.5 lens of focal length 25.0 cm placed 21.5 cm 
from the exit slit and an f/3.4 lens of focal length 30.5 cm 
placed 80.0 cm from the first lens. An f/1.5 lens of focal 
length 13.4 cm, located 13.4 cm from the exit window of 
the cell, directed parallel light through the analyzing 
filters and into an f/O.7 lens of focal length 6.0 cm 
located 6.0 cm from the photocathode of the photomultiplier.
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With the cell in its proper position and the side arm 
and capillary attached to the vacuum system, lens Ig* 
fig. 2, was adjusted to bring the image of the monochromator’s 
exit slit as close as possible to the exit window of the 
fluorescence cell without producing reflections. After the 
fluorescence cell had been bakad-out at a temperature of 
200 *0 at a vacuum of 4x10*® mm Hg, an ampule of pure caesium 
was broken In the tube connecting the side arm to the vacuum 
system. About 0.5 gm of caesium was distilled into the 
cell and the side arm was sealed off under vacuum. The 
main oven was kept at 200 %  for several days to distill the 
caesium into the side arm, then a thermocouple was attached 
to the side arm and the side oven put into place. The 
temperature of the main part of the fluorescence cell was 
stabilized at 350 K, where it was maintained throughout the 
caesium-caesium collision experiment; the temperature of 
the side arm was set at its lowest usable value, 300%. 
finally, the optical alignment was optimized and the experiment 
was carried out with one D line being used in the exciting 
beam. Three or four scans of the fluorescent spectrum were 
made and the recorder readings were averaged to give, after 
correcting for the spectral sensitivity of the photomultiplier, 
the total fluorescent Intensity and the intensity ratio 
This procedure was repeated at various temperatures between 
300% and 345 %. A second complete sequence of measurements 
was obtained with the other D line incident. This method. 
Involving separate measurement sequences for and Dg
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excitation, kept the optical alignment undisturbed and 
preserved continuity in the measurements of the resonance 
fluorescence intensities.
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IV RESULTS AMD DISCUSSION 
A Excitation Transfer In Oaeslum-Caealum Collisions.
The experiment was carried out as outlined in the 
proceeding section, with the fluorescence cell at 350%  
and with the temperature of the side arm being varied between 
302 K and 345%. The measurements were restricted to very 
low pressures, at which affects due to radiation imprison­
ment were absent. The range of higher vapor pressures was 
covered by Bunke and Seiwert (I960) who, however, had to 
contend with effects due to the imprisonment of radiation and 
applied theoretical corrections to their data.
The results of four experimental runs are presented in 
Table I. The total fluorescent intensities are plotted 
against caesium pressure in Pig. 6 and the intensity ratios 
in Pig. 7.
The total fluorescent intensities are identical with 
the intensities of the direct resonance fluorescence, as 
the sensitized fluorescence is fainter by six orders of 
magnitude. The linearity of the two graphs near the origin 
indicates that, at very low pressures, the resonance 
radiation is neither reabsorbed nor imprisoned in the vapor. 
The 8521 A component is more strongly absorbed in the vapor
a
and thus, the intensity of the 8521 A resonance fluorescence
increases first more rapidly and then less rapidly than
the fluorescence arising from the 8943 A component. The
departure from linearity at somewhat higher pressures is
24
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TABLE I
TOTAL INTENSITIES AND INTENSITY RATIOS IN THE FLUORESCENCE
SBEOTR0M OF CAESIUM
Exaltation with 8943 A Radiation
Temp.
(K)
Pressure 
(mm Hg)
Total 
Fluor. 
Int. * I(55215
Temp.
("E)
Pressure 
(mm Hg)
Total 
Fluor. 
Int. #
302.0
a
2.3x10*0 mmtmm 2.4x10*? 313.3 6.1x10*6 1.00 1.4x10-?
303.0 2.4x10*6 mmmm 3.0x10*? 318.5 1.0x10*5 1.51 3.9x10*?
305.0 2.9x10-6 3.6x10*? 322.2 1.4x10*5 2,21 4.2x10*?
311.0 5.0x10*6 1.00 6.0x10*? 323.0 1.5x10*5 2.15 3.7x10"?
313.3 6.1x10*6 1.30 6 .7x10*? 323.0 1.3x10-5 2.15 3.5x10*?
314.0 6.6x10*6 1.35 7 .2x10*? 326.0 1.9x10*5 2.44 4.6x10"?
316.5 8.2x10*6 1.60 9.0x10*? 326.0 1.9x10*5 2.44 4.5x10"?
319.3 1.1x10*5 2.10 9.4x10*? 327.5 2.1x10*5 2.90 5.4x10"?
321.3 1.3x10*5 2.50 1 .2x10-6 328.0 2.3x10*5 2.90 5.5x10"?
323.5 1.5x10*5 2.66 1.5x10*6 330.5 2.7x10*5 3.57 6.8x10-?
325.5 1.8x10-5 3.00 1.9x10-6 335.0 3.9x10*5 4.50 9.2x10"?
328.0 2.2x10*5 3.30 4.2x10-6 335.0 3.9x10-5 4.50 8.3x10"?
329.0 2.4x10*5 3.30 4.3x10*6 336.0 4.2x10*5 4.80 8.4x10"?
331.5 3.0x10*5 3.60 1.1x10*5 337.0 4.5x10*5 4.70 1.3x10-6
332.0 3.1x10*5 3.60 1.1x10*5 339.0 5.3x10*5 3.50 1.9x10-6
335.0 4.0x10*5 3.70 2.0x10*5 341.0 6.2x10*5 6.10 2.6x10-6
336.0 4.2x10*5 4.00 2.1x10*5 342.5 6.8x10*5 5.80 4.0x10*6
338.0 4.9x10*5 4.00 3.4x10*5 344.8 7.8x10*5 6.50 6.4x10*6
341.8 6.5x10*5 4.00 6.8x10*5
342.0 6.6x10*5 4*20 7.1x10*5 i l  D m
Arbitrary units
UNIVERStI Y OF WINDSOR LIBRARY
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caused by the competition between the direct fluorescence 
and the radiation trapping process. The two curves bend 
at pressures which are in the ratio 2:1, equal to the ratio 
of the oscillator strengths of the two resonance lines.
The plots of the Intensity ratios and against 
caesium vapor pressure are linear at very low pressures and 
converge at the origin. At slightly higher pressures the 
graphs curve upwards indicating that radiation imprisonment 
is already present at 2 - 4x10*^ mm Hg and showing good 
correlation with the graphs in Pig. 6, Since the magnitudes 
of Yi aad y2 In the range 10" , equations (8) and (9) are 
reduced to: view of equation
(4), the collision numbers vary linearly with pressure and 
since the mean life times and are constant in the 
absence of radiation imprisonment, the ratios and 
should also vary linearly with very low pressures, as they 
do. The collision numbers and Zg were obtained directly 
from the values of aiid Vg and their plots against caesium 
vapor pressure are shown in Pig. 8. A polnt-by,point 
calculation, using equation (4), yielded the collision cross 
sections and Qg which are compared in Table II with the 
results obtained at higher vapor pressures by Bunke and 
Seiwert (I960).
The lack of very good agreement with the results of 
Bunke and Seiwert is not surprising. These authors worked 
at densities six orders of magnitude higher than were employed 
here and corrected their experimental results for radiation
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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TABLE II
OABSIÜM-OABSIÜM COLLISION GROSS SECTIONS
«2‘6^ 1/2^  6®f3/8>
...-.............. ........ ...... (cm2)
This Investigation 0.64x10*^5 (±10#) 3.1x10*15 (ilO#)
Bunke and Seiwert 0.60x10*^5 (±30#) 1.2x10*15 (±30#)
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Imprisonment effects using a modified theory of Holstein 
(1947). This Investigation on the other hand, proceeded in 
the absence of radiation trapping and under single-collision 
conditions, with collision frequencies of the order of 
one per 2x10^ mean life times of the %  states. Nevertheless, 
the fact that Bunke and Seiwert's value for agrees within 
the stated limits of error with that of this investigation 
and Qg differs only by a factor of two. Indicates a high 
degree of success in adapting Holsteids theory (194?) to the 
particular conditions of their experiment.
The principle of detailed balancing, equation (11), 
predicts that the cross sections should be in the ratio 
Ql/Qg = 0.22. The agreement between the calculated and 
observed value, 0.21, is most encouraging.
B Excitation Transfer in Oaesium-Helium and Oaesium-Xenon
po,m5l„saa,t.
The experimental method employed to study excitation 
transfer in collisions between caesium and inert gas atoms, 
was similiar to that used with pure caesium vapor. In 
order that only sensitized fluorescence induced by caesium- 
inert gas collisions should be observed, the caesium vapor 
pressure in the fluorescence cell was maintained at about 
2x10* mm Hg, at which no sensitized fluorescence arising 
from caesium-caesium collisions could be seen. Controlled 
quantities of inert gas were admitted to the fluorescence 
cell through the capillary connecting the cell with the 
vacuum and gas-filling system. Spectroscopically pure
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
32
helium and xenon, supplied by the Linde Air Products 
Company, were selected to study the inelastic collisions 
between caesium and inert gas atoms because they represent 
the two extremes in atomic size and polarizability. Thus, 
if the collision cross sections should depend on either or 
both of these properties, any such dependence might become 
apparent in the course of the experiments.
Upon first admitting helium to the fluorescence cell, 
which was maintained at 3 3 4 the intensity of the resonance 
fluorescence rose until the helium pressure was about 20 mm 
Hg and then decreased. In addition, the intensity ratios 
'^ 2 &nd ^2 wer* not linear with helium pressure. However, on 
flushing the capillary with helium, the ratios 
became linear with helium pressure, as they were initially 
expected to be. Also, as a result of the flushing procedure, 
the intensity of the resonance fluorescence did not Increase 
with the addition of helium but remained constant until a 
pressure of 20 mm Hg was reached; at higher pressures the 
intensity decreased because of pressure broadening of the 
absorption lines in caesium.
If the resonance lines in the exciting beam were relatively 
broad, some increase in fluorescent intensity with pressure 
could be expected aa the profiles of tbe absorption lines, 
broadened by collisions with the inert gas, would be matched 
to those of the exciting lines. However, the resonance lines 
emitted by the RF lamp were exceedingly narrow and a sub­
sidiary experiment showed that the increase in the intensity
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of the resonance fluorescence was due to caesium vapor 
trapped in the capillary, which was being blown into the 
fluorescence cell by the incoming gas.
Xenon was found to be a far more efficient flushing 
agent than helium and it was necessary to reduce the temperature 
of the fluorescence cell to 311*K so that the caesium vapor 
pressure and thus the amount of caesium in the capillary 
would be low. After three flushings with xenon the intensity 
ratios, ^ , became linear with pressure and there was no rise 
in the resonance fluorescence upon further admission of gas. 
Having done this, it was then deemed necessary to repeat 
the helium experiment at this low temperature so that the 
same Boltzmann factor {exp[-AS/hTj) would apply. It is for 
this reason that two sets of data appear for the caesium- 
helium experiment.
1 Total Fluorescent Intensities.
The total fluorescent intensities for excitation with 
each component of the resonance doublet as well as the 
intensity ratios^, are summarized for both gases in Tables 
III, IV, and V. With both gases, the sensitized fluorescence 
was fainter than the resonance fluorescence by at least 
three orders of magnitude and, therefore, the total fluorescent 
intensity was taken as identical with the intensity of the 
resonance fluorescence. The total fluorescent intensities 
for the caesium-helium system are plotted against helium 
pressure in Fig. 9, and for the caesium-xenon system in Fig. 10. 
The intensities are normalized to one, where the normalization
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TABLE I I I
TOTAL INTENSITIES AliD INTENSITY RATIOS IN THE FLUORESCENCE 
SPECTRUM OF CAESIUM IN THE PRESENCE OF HELIUM, AT 315°%
Excitation with 8943 A Radiation
Helium 
Pressure 
(mm Hg)
Helium 
Pressure 
(mm Hg)
5 .0 2.8x10*^ 5.0 4.0x10*6
7 .0 4.0x10*5 7 .0 3.0x10*6
12 .0 6.8x10*5 12.0 8.0x10*6
24.0 •41.2x10 24.0 1.5x10*5
30.0 1.5x10*4 30.0 3.7x10*5
41.0 1 .9x10 -4 41.0 3.0x10*5
64.0 2.9x10*4 64.0 7.0x10*5
78.0 3.9x10-4 78.0 6.7x10*5
129.0 6.6x10-4 129.0 1 .8x10 -4
201.0 1.0x10*5 201.0 2.1x10*4
273.0 1.4x10*3 273.0 2.8x10*4
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TABLE IV
TOTAL INTENSITIES AND INTENSITY RATIOS IN THE FLUORESCENCE 
SPECTRUM Of CAESIUM IN THE PRESENCE OP HELIUM, AT 334"%
Excitation with 8521 A Radiation Excitation with 8943 A Radiation
Helium Total Helium Total
Pressure Fluor. Y7 _ 1(8943) Pressure Fluor.
A
- 1(8521)
(mm Hg) Int. # 4:118521) (mm Hg) Int. * ' 1(8943)
1 .4 1.00 7 .1x10-6 1 .4 1.00 2.0x10*6
3.3 2.2x10*5 3 .3 2.3x10*6
5.0 1.00 3.4x10*5 5.0 1.00 3.0x10*6
8 .0 5.4x10*5 8 .0 5.5x10*6
12 .5 1.00 7.8x10*5 12 .5 0.95 7.0x10*6
17 .0 1.1x10*4 17.0 1.2x10*5
23.0 1.00 1 .3x10 -4 23.0 0.81 1.4x10*5
28.0 1.5x10*4 28.0 2.1x10*5
45.0 0.86 2.1x10*4 45.0 0.59 2.6x10*5
59.0 3.0x10*4 59.0 4.7x10*5
83.5 0.66 3.8x10*4 83.5 0.44 9.0x10*5
96.5 4.7x10*4 96 .5 1.1x10*4
133.5 0.50 6.4x10*4 133.5 0.33 1.3x10*4
163.0 7.6x10*4 163.0 1.7x10*4
213.5 1.0x10*3 213.5 2.5x10*4
233.5 0.33 1.1x10-3 233.5 0*23 2.2x10*4
272.5 1.7x10*3 272.5 3 .0x10-4
314.5 0.26 1.6x10*3 314.5 0.18 3.1x10-4
327.5 1.6x10*3 327.5 3.2x10*4
*Arbitrary units— The Total 
a fraction of the intensity In
Fluorescent Intensity is 
the absence of Inert gas
given as
•
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TABLE V
TOTAL INTENSITIES AND INTENSITY RATIOS IN THE FLUORESCENCE 
SPECTRUM OF CAESIUM IN THE PRESENCE OF XENON,AT 311\
Excitation with 8521 A Radiation Excitation with 8943 A Radiation
Xenon 
Pressure 
(mm Hg)
Total 
Fluor, 
Int. »
1(8943)
Xenon 
Pressure 
(mm Hg)
Total 
Fluor* 
-int...*
1(8521)
IrS943T
3fO 1,00 4.3x10*6 3 .0 1.00
9 .0 1.00 5.7x10*5 4 .0 0.97 5.5x10*7
17.0 0.98 1.3x10*4 9 .0 0.90 9.5x10*7
21,0 1.5x10*4 9 ,0 2,9x10*6
28.0 0.91 2.3x10*4 14,0 0.86 2.5x10*6
34.0 2.9x10*4 21.0 5.8x10*6
43.0 0.82 3.9x10*4 24.0 0.77 5.6x10*6
59.5 5.0x10*4 32.0 0.72 9.0x10*6
72.0 0.67 6.6x10*4 34.0 1.1x10*5
90.0 8.4x10*4 42.0 0.65 1.0x10*5
96 .0 0.56 8.9x10*4 60.0 0.57 1.7x10*5
123.0 0.46 1.1x10*5 81 .5 0.47 2.7x10*5
123.0 1.1x10*5 109.0 0.39 2.8x10*5
151.0 0.38 1.4x10*5 134.5 0.33 3.2x10*5
198.0 0.30 1.8x10*5 163.0 0.29 4.5x10*5
217.0 2.1x10*5 195.0 0.25 5.6x10*5
244.0 2.4x10*5 217.0 0.23 6.5x10*5
250.0 0.25 2.3x10*5 244.0 0.19 7.7x10*5
322.5 3.0x10*5
Arbitrary units— The Total Fluorescent Intensity is given as 
a fraction of the intensity in the absence of inert gas.
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factor for each component in the fluorescent light is the 
component’s intensity in the absence of inert gas. The 
intensities remain constant at very low gas pressures and 
decrease when the broadening of the caesium absorption lines, 
due to the inert gas pressure, becomes appreciable. The 
figures indicate that the l®vel, which is excited by
means of the 8943 A radiation, is more strongly affected 
than the l®vel. This agrees with the theory of
pressure broadening proposed by Takeo and Oh'en (1954).
There is also some indication that xenon may be a more 
effective broadening agent than helium.
2 Collision Gross Sectionsfor Oaesium»Helium Collision^.
The intensity ratios and plotted against helium 
pressure in fig. 11, are linear with helium pressure and 
converge at the origin. Since the magnitudes of and^g 
are in the range 10"*, equations (8) and (9) reduce to the 
forms: = Yg/^l ^2 * ^l/'^2* collision numbers
Z% and Zg, obtained directly from the values ot^-^ and ^ g, 
are plotted against helium pressure in fig. 12 and vary 
linearly with pressure as expected from equation (4).
Although the figures presented here contain representative
points from the runs at 3 1 5 and 334 K^, the results were
considered separately when the collision cross sections
were calculated. A point-by-point calculation using equation
(4) yielded the collision cross sections — ^^^^3/2^
and cross sections obtained from
the run at 315 K are: = 0.41x10“^^ cm^ and Qg = 2.7xl0*^^cm^;
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those obtained from the run at 334% are: = 0.50x10*^^ cm^
and Qg = 2.6x10"^® cm^. In both runs the ratios of the 
experimental cross sections Q^/Qg* 0.15 at 315% and 0.19 at 
334 are in excellent agreement with the ratios predicted 
by the principle of detailed balancing, 0.16 and 0.19 
respectively.
The inelastic collision cross sections for caesium- 
helium collisions are five orders of magnitude smaller than 
the cross sections for caesium-caesium collisions. This 
indicates that entirely different forces are involved in the 
excitation transfer in the two cases: exchange forces in 
caesium-caesium collisions and van der Waals forces in 
caesium-inert gas collisions.
3 Collision Cross Sections for Oaesium-Xenon Collisions.
The intensity ratios and Yg» plotted against xenon
pressure in Fig. 13, behave linearly and converge at the 
origin. The collision numbers and Zg, calculated directly 
from the intensity ratios and Yg as was done for helium,
are plotted against xenon pressure in Fig. 14 and vary linearly 
with the pressure as expected from equation (4). A point-by- 
point calculation yielded the collision cross sections
= 7 .6x10*21 cm2 ^nd Qg a 2.9x10*^^ cm2 the processes 
62^2/2 ^^*’3/2 ^^^1/2 ^^*3/2 respectively.
The ratio of the experimental cross sections, O.03, 
does not agree with the ratio of 0.16 predicted from the 
principle of detailed balancing. Experiments with the other 
inert gases indicate that this discrepancy Increases progressively
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from neon to xenon. This effect might be explained on the 
assumption that the inert gases are capable of forming a quasi- 
stable shield around the caesium atoms. Such a shield would 
become progressively more effective in Impeding collisions 
with the caesium atoms as the inert gas increased in size and 
polarizability. An inert gas atom colliding with such a complex 
would lose part of its kinetic energy to the shielding atoms 
before colliding with the caesium atom and thus the relative 
kinetic energy of the colliding partners would be reduced.
Such an effect would reduce the collision cross section
since it is a very sensitive function of 
the relative kinetic energy. This critical dependence is borne 
out by the difference between at 315 K*and at 3 3 4 in
caesium-helium collisions. would be
little affected since for this process excitation energy is 
converted into relative kinetic energy whereas for the process
o g
^1/2— ^3/2* relative kinetic energy is converted into 
excitation energy. Therefore, with reduced and Qg unaffected, 
the ratio of the cross sections, Q^ /^Qg, would be lower than 
the ratio predicted by the principle of detailed balancing.
The collision cross section for the ^^^3/2
process in a caesium-xenon collision is roughly one order of 
magnitude larger than the cross section for the same process 
in a caesium-helium collision. This may indicate that the 
transition probability for this process is a function of the 
relative size of the colliding partners and the polarizability 
of the inert gas atom.
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V CONCLUSIONS
Collisions of the second kind leading to the transfer 
of excitation between the s^ id states of
caesium have been investigated by studying the sensitized 
fluorescence in caesium-caesium, caesium-helium, and caesium- 
xenon systems at extremely low caesium vapor pressures.
Total collision cross sections for the excitation transfer 
processes in caesium-caesium collisions, obtained in the 
absence of radiation trapping effects, are a significant 
improvement on those obtained by Bunke and Seiwert (i960) 
who worked at much higher vapor pressures and applied 
theoretical corrections to their data. The total collision 
cross sections for caesium-helium and caesium-xenon collisions 
were determined for the first time. The numerical results, 
summarized in Table VI, indicate that the forces of interaction 
which cause the excitation transfer are different in the 
caesiUQ-oaesium and caesium-inert gas encounters and that 
the probability of excitation transfer in caesium-inert gas 
collisions increases with the polarizability of the inert 
gas atom and, perhaps, also with the atomic size.
The ratios of the experimental cross sections agree 
well with the values predicted by the principle of detailed 
balancing except for the caesium-xenon collisions, where 
a shielding affect has been postulated to account for the 
discrepancy. An experiment has recently been performed 
(Ozajkowski, 1965) using a xenon-helium mixture which tends
46
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to substantiate this hypothesis.
It was also observed In the course of this investigation 
that the of oaesium was more strongly affected
by inert gas broadening collisions than was the ^^3/2 l*v*l 
which is in accordance with the pressure broadening theory 
proposed by Takeo and Oh’en (1954),
Further investigation of caesium-inert gas collisions 
is needed and is now being carried out in this laboratory.
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